Abstract Trastuzumab mediates the lysis of HER2-expressing breast cancer cell lines by interleukin-2 (IL-2) primed natural killer (NK) cells. We hypothesized that IL-2 would augment the anti-tumor effects of trastuzumab in MBC in patients who had progressed on or within 12 months of receiving a trastuzumab-containing regimen. Secondary objectives were to measure antibody-directed cellular cytotoxicity (ADCC) against HER2 over-expressing target cells, and to measure serum cytokines. Patients received trastuzumab (4 mg/kg intravenously (IV)) every 2 weeks in combination with daily low-dose IL-2 (1 million IU/m 2 subcutaneously (SC)) and pulsed intermediate-dose IL-2 (12 million IU/m 2 SC). Samples were analyzed for NK cell expansion and ADCC against a HER2-positive breast cancer cell line. In addition, interferon-gamma (IFN-c), mRNA expression in peripheral blood mononuclear cells (PBMC) and the following serum cytokines were measured: IFN-c, monokine-induced by IFN-c (MIG), and interferon-inducible protein ten (IP-10). The median number of treatment cycles was four (range 1-23) and the treatment was well tolerated. There were no objective responses. NK cells were not expanded and ADCC was not enhanced. Eight (62%) patients had a twofold or higher increase in mRNA transcript for IFN-c, two (15%) patients had elevated serum levels of IFN-c and 12 (92%) had increases angiogenic MIG and IP-10. In trastuzumab-refractory patients adding IL-2 did not produce responses and did not result in NK cell expansion. However, these patients had the ability to respond to IL-2 as evidenced by increases in IFN-c transcripts and chemokines. The lack of NK cell expansion may explain the absence of clinical benefit.
Introduction
The HER2 oncogene (also known as ErbB-2) encodes a cell surface protein with tyrosine kinase activity that confers enhanced growth characteristics when overexpressed in human cancers. In breast cancer patients, overexpression of HER2 is an independent adverse prognostic factor for disease-free and overall survival in the absence of trastuzumab, and a predictive factor for benefit from trastuzumab [1] . In 2001 Slamon et al. published the first randomized trial establishing the benefit of trastuzumab and chemotherapy in HER2 overexpressing MBC patients; this benefit extends to the adjuvant setting with improvements in disease-free and overall survival for patients with localized HER2 overexpressing breast cancers [2, 3] .
One of the proposed mechanisms of trastuzumab is the generation of ADCC [4] [5] [6] [7] [8] , and work from our laboratory demonstrates that IL-2, as well as IL-12 and IL-21, augments NK-cell-mediated ADCC against breast cancer cells coated with trastuzumab [9] [10] [11] . Phase I clinical trials of trastuzumab and IL-2 in HER2 overexpressing breast cancer patients showed acceptable side-effects, anti-tumor responses, NK cell expansion, and trastuzumab-mediated ADCC [12, 13] . The present trial was designed to estimate the response rate and side effects to trastuzumab and IL-2 in MBC patients who had previously progressed on or within 12 months of receiving a trastuzumab-containing regimen. The trial was designed to test the following hypothesis: if responses were observed and correlated with ADCC or cytokine expression in trastuzumab-refractory patients, then this would support an immune-mediated mechanism of relevance to trastuzumab in the clinic.
PTS and methods
A multi-institutional CTEP-sponsored phase II trial of trastuzumab and IL-2 was conducted at The Ohio State University (OSU) Comprehensive Cancer Center, the University of Chicago, the University of Pittsburgh, and Dartmouth University. Patients with documented HER2 overexpressing metastatic breast cancer (2? or 3? by the DAKO HercepTest) and the following characteristics were eligible: age C18 years; B2 prior chemotherapy regimens for metastatic disease; disease progression on or within 12 months of receiving a trastuzumab-containing regimen; measurable disease by RECIST criteria; ECOG performance status 0-2; adequate organ and bone marrow function; left ventricular ejection fraction Cinstitutional lower limit of normal; total cumulative doxorubicin dose was B360 mg/m 2 ; C3 months since treatment of any CNS metastases; and signed informed consent in accordance with federal and institutional guidelines.
Patients were excluded from enrollment for the following reasons: prior or active congestive heart failure or ischemic heart disease; concurrent use of immunosuppressive drugs; underlying immunodeficiency; concurrent active malignancy other than cervical cancer in situ; and any other medical condition deemed by the treating physician to preclude safe participation.
Treatment regimen and toxicity assessment Cycle 1 was 21 days in length and subsequent cycles were 14 days in length. In cycle 1 trastuzumab 4 mg/kg IV was given over 90 min on day 1 and over 30 min on day 8. In subsequent cycles, trastuzumab was administered at 4 mg/kg IV on day 1. Low-dose IL-2 at 1 million IU/m 2 (for NK cell expansion) was administered SC on days 2-7 and days 12-21 of cycle 1. In subsequent cycles, low-dose IL-2 was administered on days 4-14. Intermediate-dose IL-2 at 12 million IU/m 2 (for NK cell activation) was administered SC on days 9-11 of cycle 1, and in subsequent cycles on days 1-3 ( Fig. 1 ). Patients were issued pre-filled syringes containing IL-2 for self-administration. Patients continued on therapy until disease progression. Toxicities were assessed by the NCI Common Toxicity Criteria version 2.0 prior to study registration, on days 1 and 8 of cycle 1, and on day 1 of subsequent cycles. Low and intermediate dose IL-2 were held for the development of grade 3, 4 toxicity until it resolved to grade 1 and subsequent doses were reduced by 25%.
Assessment of disease response
Patients underwent imaging studies pre-study and every four treatment cycles. Response to treatment was assessed using RECIST criteria [14] . 
Procurement of patient serum and peripheral blood mononuclear cells
Blood for correlative studies was drawn at baseline and on the first and third day cycles 2 and 4. Serum and peripheral blood mononuclear cells (PBMCs) were procured by Ficoll density gradient centrifugation (Sigma-Aldrich, St. Louis, MO) within 6 h of phlebotomy. Serum was snap-frozen and stored at -80°C. Half of the PBMCs obtained from each sample were cryopreserved and stored at -134°C in liquid nitrogen. The remaining half of the PBMCs was processed for total RNA. Cell viability after thawing was routinely greater than 90%. Identification of NK cell expansion and activation was by previously established methods [12] .
Reverse transcriptase real-time PCR
Real-time reverse transcriptase PCR (RT-PCR) was used to determine the relative increase in IFN-c transcript following administration of IL-2. Total cellular RNA was isolated from patient PBMCs that had been processed with RNA STAT-60 solution (Tel-Test Inc., Friendswood, TX). The RNA was quantitated, and cDNA was generated from 3 lg of RNA with random hexamers and MMLV-RT according to the manufacturer's recommendations (Gibco Life Technologies, Rockville, MD). Using the cDNA as template, RT-PCR for IFN-c transcript was performed with primer and probe sets specific for the cytokine transcript and a b-actin internal control (PE Applied Biosystems, Foster City, CA). Data were analyzed according to the comparative C T method and normalized against the b-actin transcript as previously described [10] . Results are semiquantitative and represent the fold difference in transcript levels in a particular sample as compared to the levels in that patient's pre-treatment (or baseline) sample.
Cytokine enzyme-linked immunosorbent assays Serum samples were thawed on ice and analyzed in triplicate for levels of cytokine IFN-c and the anti-angiogenic chemokines IP-10 and MIG by enzyme-linked immunosorbent assay (ELISA) using commercially available monoclonal antibody pairs (Endogen Inc., Woburn, MA). On the basis of the manufacturer's guidelines, a standard sandwich ELISA for each human cytokine was developed, and cytokine concentrations were determined by the use of standard curve regression analysis. The lower limit of detection for all ELISAs was 10 pg/ml.
Antibody-dependent cellular cytotoxicity (ADCC) assays
Frozen patient PBMCs were thawed, enumerated, and plated in 96-well V-bottom plates in culture medium supplemented with 0.1 nM recombinant human IL-2 and incubated overnight at 37°C. Trastuzumab-labeled HER2 overexpressing SKBR3 cells (or polyclonal IgG as a negative control) were added to the PBMCs at various effector:target ratios for 4 h incubation at 37°C. Supernatants were harvested for quantification of chromium release. Maximum and minimum releases were determined in 5% SDS, respectively. Percent specific lysis was calculated as previously described [9] .
Statistical methods
Response rate was the primary endpoint. The trial design was a Simon mini-max two-stage design with parameters p 0 = 0.20, p 1 = 0.40, a = 0.10, and b = 0.10 [15] . If four out the first 17 patients responded, then an additional 20 patients would be enrolled, for a total of 37 patients. Secondary endpoints were to evaluate the ability of PBMC to conduct ADCC against HER2 overexpressing target cells, and measure serum cytokines and chemokines including IFN-c, MIP-1a, TGF-b, MIG and IP-10.
Results

Patient characteristics
Patient characteristics are described in Table 1 . The median age was 52 years (range 30-71 years); the median number of prior chemotherapy regimens was two (range 1-4); 11 (85%) had 3? tumors by HerceptTest; and 7 (54%) had more than one site of metastatic disease. Thirteen patients were enrolled before the trial was closed to due to the lack of objective responses by RECIST and no expansion or activation of the NK cell population.
Toxicities
Overall, the majority of toxicity was grade 2 or less ( Table 2) . Grade 3 toxicities included 1 (8%) diarrhea, 1 (8%) nausea, 1 (8%) vomiting, and 1 (8%) pleural effusion. IL-2 dose reductions were required in 2 (15%) patients who experienced grade 4 toxicities: 1 (8%) with hypercalcemia and dizziness; and 1 (8%) with fever and pain.
Treatment summary
The median number of days on study was 58 (range 29-326 days) and the median number of cycles was four (range 1-23 cycles). Twelve patients had PD and one voluntarily withdrew consent from the trial. The median time to progression (TTP) was 51 days (range 29-326 days).
Correlative assays
Correlative studies were performed to determine the immune effects of IL-2 when given with trastuzumab. The NK cell population was neither expanded nor activated (data not shown); ADCC was measured in six patients and did not increase (Fig. 2) . PTS 2, 9, and 12 had increases in serum IFN-c during treatment (Fig. 3) . RT-PCR was used to quantitate serum IFN-c transcript levels pre-and post-IL-2 treatment. Eight (62%) patients exhibited at least a twofold increase in IFN-c transcript levels, with patients nine having more than a 19-fold increase (Fig. 4) . The antiangiogenic chemokines MIG and IP-10 rose significantly over baseline in all 12 (92%) patients for whom post-treatment samples were available (Fig. 5a, b) .
Discussion
The IL-2 and trastuzumab regimen was tolerable with the majority of toxicities grades 1 or 2. However, there were neither observed anti-tumor responses nor evidence of NK cell expansion or increase in ADCC. In contrast, two previous trials of trastuzumab and low-dose IL-2, using similar doses to this trial, demonstrated increases in NK cells, trastuzumab-mediated ADCC, and anti-tumor responses [12, 13] . The patients enrolled in the prior trials were similar to those in the current trial in that the majority had prior chemotherapy; however, few of them had prior trastuzumab and there was no information about the response to prior trastuzumab. In the current trial all patients were trastuzumab-refractory defined as either relapsing on or within 12 months of receiving a trastuzumab-containing regimen. Among the limitations of the current trial is the small number of patients enrolled from four institutions. PBMC collections were stored frozen at their respective institutions and subsequently shipped to OSU. Technical or methodological problems with the PMBC acquisition or the assays cannot be excluded as a possible reason for the observed null result. Another possibility is the trial closed after 13 patients were enrolled without any responses. Using the trial assumptions and parameters outlined in the statistical methods (p 0 = 0.20, p 1 = 0.40, a = 0.10, and b = 0.10), four or more responses were required in the first 17 patients to proceed to second stage. Given that 0/13 patients responded and true response rate (or p 1 ) is 40%, the probability of the next four patients responding is only 2.6%. Likewise, the 95% upper confidence bound (1-sided) for 0/13 responses is 21%. If the true response rate is 21%, then the probability of the next four patients responding is even lower at 0.2%. Despite early closure of this trial, it is very unlikely that clinically meaningful response or benefit was missed.
The patients in this trial were specifically selected as being refractory to trastuzumab. Possibly, the lack of IL-2-induced expansion and activation of NK cells is related to trastuzumab resistance implying that ADCC is an important mechanism of trastuzumab activity in vivo. While there is no direct evidence to support or refute this hypothesis, there is an expanding literature that suggests the immune system may be a potential mechanism of relevance to trastuzumab and other therapeutic monoclonal antibodies. Several recent neoadjuvant trastuzumab trials serve as examples. In one report, subsequent responders to neoadjuvant trastuzumab had more tumor-associated lymphoid infiltrates containing CD56-positve (NK) cells at baseline than non-responders [16] ; in another trial after trastuzumab treatment there was a statistically significant correlation between extent of antitumor response and ADCC [17] . In a non-randomized trial of neoadjuvant docetaxel with trastuzumab, docetaxel alone, or anthracycline-based non-taxane chemotherapy, after treatment with trastuzumab there were increases in NK cells and the cytoplasmic markers of cytolytic activity granzymes B and TiA1 both within and surrounding residual tumor foci relative to the non-trastuzumab treated groups [18] . The above results, in addition to several other studies of trastuzumab and interleukin-2 and 12 in breast cancer [5, 9, 10, 19, 20] as well as of other monoclonal antibodies in other tumor types [21] [22] [23] [24] appear to support an immunemediated mechanism of possible relevance to the therapeutic effects of therapeutic monoclonal antibodies. However, all the relevant cell populations and cytokines, as well as the characteristics of the breast cancer patients most or least likely to benefit from this approach have yet to be elucidated. Ultimately, a randomized clinical trial will be required to evaluate this type of immune-mediated mechanism.
In a prior phase I trial of trastuzumab and interleukin-12 in patients with metastatic HER2-overexpressing solid tumors, the majority of them breast cancers, increased serum IFN-c, MIG, and IP-10 were found in patients with objective responses or stable disease [25] . Transcripts for IFN-c and the antiangiogenic chemokines MIG and IP-10 were increased in the majority of patients in the current trial despite the lack of NK cell expansion or activation. These results suggest that trial patients were able to respond to IL-2 and other interleukins in ways consistent with prior studies [9, 25] . The observed rise in IFN-c transcript after IL-2 may be attributed to other immune cell populations such as CD4? helper T cells or CD8? cytotoxic T cells increased expression of IFN-c leading to increases in MIG and IP-10 [26] .
In summary, there was no significant expansion of the NK cells nor was there enhanced ADCC against trastuzumab-coated tumor cells in this trial leading to the hypothesis that expansion and activation of NK cells may be required for or serve as a marker associated with clinical benefit from the combination of trastuzumab and interleukins. Future trials of this approach should not include breast cancer patients who are not trastuzumab refractory.
